Introduction {#Sec1}
============

Ischemic stroke, which is caused by a permanent or transient local reduction in blood supply to the brain, represents one of the most widespread and principal causes of public health problems in modern society \[[@CR1], [@CR2]\]. Currently, the only clinically effective therapeutic drug approved by the FDA is tissue plasminogen activator, which is largely limited in use because of its narrow therapeutic window \[[@CR3], [@CR4]\]. Various neurological events have been implicated in ischemic injury, in which inflammation is a complex process that contributes to stroke onset and progression \[[@CR5]--[@CR7]\]. Consequently, there is a pressing need to explore relevant genes involved in the pathogenesis of the complex inflammatory microenvironment and develop effective therapeutic interventions for ischemic stroke.

Approximately 90% of the genome is transcribed into noncoding RNAs, which have no protein-encoding ability, including small noncoding RNAs (miRNAs, \<200 nt) and long noncoding RNA (lncRNAs, \>200 nt) \[[@CR8], [@CR9]\], which can play critical roles in gene expression regulation, chromatin architecture modulation, cell growth and development, and various disease pathologies \[[@CR10]\]. Moreover, noncoding RNAs are potentially novel biomarkers that could be applied in the diagnosis, treatment, and prognosis of diseases \[[@CR11], [@CR12]\]. Within the past few decades, RNA-seq analyses have demonstrated that the abundant expression and mutations of lncRNAs are involved in pathological aspects of the central nervous system \[[@CR13]\]. However, little is known about the roles and mechanisms of lncRNAs in stroke. Malat1 was initially found to be upregulated in various tumor tissues and was thought to participate in the development and metastasis of cancer \[[@CR14]\]. Subsequently, a clinical study demonstrated that Malat1 was highly expressed in ischemic stroke patients among the 20 studied lncRNAs \[[@CR15]\]. In addition, increasing evidence has also indicated that Malat1 is significantly upregulated in microglia and neural cells to accelerate the inflammatory response in stroke \[[@CR16], [@CR17]\]. Given that upregulated Malat1 expression is associated with poor overall clinical survival, elucidating the functions and mechanisms of Malat1 and its related miRNAs during ischemic insult may help to establish a better targeted treatment strategy.

Under ischemic and hypoxic physiological conditions, high-mobility group box 1 (HMGB1), acting as an endogenous danger-associated molecular pattern, can be released by necrotic cells or actively secreted by macrophages/monocytes into the extracellular environment, thereby triggering and amplifying inflammatory processes \[[@CR18]--[@CR20]\]. Our research group has demonstrated that berberine (BBR) pretreatment could significantly hamper the nuclear-to-cytosolic translocation of HMGB1 to alleviate cerebral ischemic--reperfusion inflammation through the TLR4/NF-κB pathway \[[@CR21]\]. However, the underlying mechanisms by which BBR regulates HMGB1 remain unclear.

The miR-181 family is highly expressed in the brain and has been reported to associate with apoptosis and inflammation \[[@CR22]\]. Among miRNAs in that family, miR-181c levels were markedly low in the plasma of stroke patients, which could inhibit proinflammatory mediators by suppressing NF-κB activation \[[@CR23], [@CR24]\]. Based on the existing findings, we hypothesized that Malat1 may act as a ceRNA for miR-181c-5p to downregulate the expression of HMGB1 in ischemic stroke progression after BBR treatment.

Materials and methods {#Sec2}
=====================

Animals and groups {#Sec3}
------------------

All experiments were approved by the Ethics Committee of Nanjing First Hospital, Nanjing Medical University. Animal experimental procedures were conducted in accordance with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines. Adult male C57BL/6 mice weighing 20--25 g were purchased from Vital River Laboratory Animal Company (Beijing, China) and were housed at a strictly controlled environmental temperature and relative humidity, all animals were housed under a 12/12-h dark/light cycle and were allowed free access to food pellets and water.

Mice were randomly divided and intragastric administered with 0.5% carboxymethylcellulose sodium or BBR (50 mg/kg) once a day for 14 consecutive days before MCAO or Intracerebroventricular (ICV)-injected with Lenti-Malat1, Lenti-miR-181c-5p, sh-Malat1, miR-181c-5p inhibitor, Lenti-NC, sh-NC, or NC inhibitor 48 h before MCAO. Mice underwent MCAO surgery as described previously \[[@CR21]\] and then were reperfused after 60 min.

Intracerebroventricular injection {#Sec4}
---------------------------------

Lentiviral vectors that overexpress lncRNA Malat1 (Lenti-Malat1), miR-181c-5p (Lenti-miR-181c-5p), an shRNA that targets lncRNA Malat1 (sh-Malat1), or a miR-181c-5p inhibitor, and vectors expressing nontargeting controls (Lenti-NC, sh-NC, NC inhibitor) were prepared by GenePharma (Shanghai, China). Mice were anesthetized with 4% chloral hydrate and fixed by a stereotaxic instrument (David Kopf Instrument, Tujunga, CA, USA). Each mouse was given injection in the right lateral ventricle at 2 mm from the anterior iliac crest and 1.5 mm from the sagittal suture. A small hole was placed at this position with a microsyringe at a depth of 2.5 mm below the surface of the skull, and 2 μL of the virus was injected.

Immunohistochemistry (IHC) {#Sec5}
--------------------------

Briefly, IHC procedures were performed as previously described to detect HMGB1 protein expression in brain tissues. Rabbit monoclonal antibody anti-HMGB1 (1:400, Abcam, Cambridge, MA, USA) was used. Three high-power fields (×400) of the ischemic region of the infarct were randomly selected, and slides were viewed and photographed with an Olympus CX23 microscope (Olympus, Tokyo, Japan).

Real-time PCR for mRNA expression {#Sec6}
---------------------------------

Total RNA was isolated from ipsilateral cortex tissues after 24 h of MCAO by TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA samples were reverse transcribed into cDNA using a commercially available kit (ABM, Richmond, BC, Canada). Target genes were examined by a standard SYBR-Green method in the ABI 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA). Thirty-five cycles were set as follows: 95 °C for 15 s and 60 °C for 60 s. All results were normalized to the expression levels of GAPDH or snRNA U6 and quantified by the comparative (2^−△△Ct^) method. The primer sequences used were as follows: Malat1 forward 5′-GGACTTGAGCTGAGGTGCTT-3′, reverse 5′-GCTTCACCACCACATCCGTA-3′; HMGB1 forward 5′-GGATGCTTCTGTCAACTTCTC-3′, reverse 5′-TTCATAACGAGCCTTGTCAG-3′; miR-181c-5p forward 5′-AACATTCAACCTGTCGGTGAGT-3′, reverse 5′-CATGTCAGCCAGTGTTGAATGTC-3′.

Western blot analysis {#Sec7}
---------------------

Cytoplasmic and nuclear protein extracted from the ipsilateral cortex tissues after 24 h of MCAO were lysed with a protein extraction kit (KeyGEN BioTECH, Nanjing, China) on ice and centrifuged at 16 000 × *g* at 4 °C for 15 min, and the quantity of protein was assessed by the BCA protein assay kit (KeyGEN BioTECH, Nanjing, China). Protein samples (30 μg each lane) were separated by 12% SDS-PAGE and then transferred onto PVDF membranes (Millipore, Shenzhen, China). The membranes were blocked with 5% fat-free milk powder in TBST buffer for 1 h and then incubated with anti-HMGB1 antibody (1:1000, Abcam, Cambridge, MA, USA), anti-β-actin antibody (1:1000, Abcam, Cambridge, MA, USA) and antihistone H3 antibody (1:1000, Abcam, Cambridge, MA, USA) at 4 °C overnight. Next, the membranes were incubated with the HRP-linked secondary antibodies for 1 h at room temperature. Protein signals were detected with Image Quant LAS 4000 mini system using a New Super ECL Assay (KeyGEN BioTECH, Nanjing, China).

Enzyme-linked immunosorbent assay (ELISA) {#Sec8}
-----------------------------------------

After 24 h of reperfusion, ipsilateral brain homogenates were prepared for ELISA. TNF-α, IL-1β, IL-6, and IL-10 levels were measured by a corresponding ELISA kit (Maijian Biotechnology Center, Beijing, China) according to the manufacturer's instructions.

Fluorescence in situ hybridization (FISH) assay {#Sec9}
-----------------------------------------------

LncRNA FISH was performed using Servicebio lncRNA FISH Probe Mix (Red) (G3016-3, Servicebio, Wuhan, China). Briefly, after preheating 4-μm paraffin-embedded tissue sections, 20 μg/mL proteinase K (G1205, Servicebio, Wuhan, China) was added to digest for 25 min. Next, the hybridization solution containing the Malat1 lncRNA probe was added at a concentration of 8 ng/μL, and the mixture was incubated at 37 °C overnight. The sections were observed under a Nikon upright fluorescence microscope (Nikon, Tokyo, Japan), and images were taken.

Cell culture methods {#Sec10}
--------------------

BV-2 microglial cells and HEK-293T cells were cultured at 37 °C in a 5% CO~2~ incubator in RPMI-1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (Everygreen, Tianhang Biotechnology, Hangzhou, China), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). The medium was changed every 2 days. The cells were subcultured with 0.25% trypsin and 0.02% EDTA (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) when they reached 80% confluence.

Luciferase reporter assays {#Sec11}
--------------------------

The sequences of the luciferase reporter plasmids Malat1-WT and Malat1-Mut were verified, and HEK-293T cells were cotransfected with the luciferase reporter plasmids and Lenti-NC or Lenti-miR-181c-5p using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Then, the cells were collected and lysed 24 h after transfection, and the luciferase activity was measured with a Glomax 20/20 luminometer fluorescence detector (Promega, Beijing, China) by a luciferase assay kit (RG005, Beyotime, Shanghai, China). The same procedure was used to determine the combined effect of HMGB1 and miR-181c-5p.

mRNA stability assay {#Sec12}
--------------------

BV-2 cells were seeded in six-well plates and grown to ∼80% confluence. Then, cells were transfected with Lenti-NC or Lenti-Malat1 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in Opti-MEM. After 6 h of transfection, the cells were incubated with 0.1% FBS medium containing actinomycin D (Act D) (10 mM) for 0, 6, 12, and 24 h. Total RNA was isolated from cells at the indicated time points (0, 6, 12, and 24 h) and reverse transcribed into cDNA to perform semiquantitative PCR analysis to determine the HMGB1 degradation kinetics of each mRNA.

Statistical analysis {#Sec13}
--------------------

All data measurements were expressed as the means ± SD and differences in means across multiple groups were compared using one-way analysis of variance, followed by the LSD test. All tests were analyzed by SPSS 24.0 software (IBM, Armonk, New York, USA), and a *P*-value of less than 0.05 was considered statistically significant. All statistical analyses were performed with GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA).

Results {#Sec14}
=======

Malat1 is remarkably decreased in cerebral ischemia/reperfusion after BBR treatment {#Sec15}
-----------------------------------------------------------------------------------

In total, 220 mice were used for the experiments. The mortality rate was ∼30%. First, RT-PCR was conducted to detect Malat1 expression changes in I/R injury. As displayed in Fig. [1a](#Fig1){ref-type="fig"}, the mRNA expression of Malat1 was greatly increased at 24 h after MCAO, whereas the expression of Malat1 in the BBR group was significantly lower than that in the Model group (*P* \< 0.05), indicating that Malat1 is a potential target of BBR in ischemic injury.Fig. 1Malat1 knockdown ameliorates ischemic brain inflammation in a mouse MCAO model (*n* = 3). **a** Malat1 and HMGB1 were detected by the real-time polymerase chain reaction after 24 h of MCAO. **b** Enlarged images from representative immunohistochemistry photographs of HMGB1 in different treatment groups and the number of cells with positive staining for HMGB1. Scale bar, 20 μm. Magnification of the microphotograph, ×400. **c** Representative photographs of Western blots for nHMGB1, cyHMGB1 and HMGB1, and the ratio of cyHMGB1 to nHMGB1. β-Actin and histone H3 were used as loading controls. **d** Concentrations of inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-10) were measured by ELISA. Data are presented as the means ± SD. \**P* \< 0.05, \*\*\**P* \< 0.001 versus the Sham group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 versus the Model group or sh-NC group. nHMGB1: nuclear HMGB1; cyHMGB1: cytosolic HMGB1; nβ-actin: nuclear β-actin; cyβ-actin: cytosolic β-actin

Malat1 knockdown ameliorates ischemic brain inflammation in a mouse MCAO model {#Sec16}
------------------------------------------------------------------------------

Given that Malat1 is highly downregulated by BBR in mouse cortex tissues, we further investigated the molecular mechanism of Malat1 upon ischemic stroke. With the knockdown of Malat1 by ICV injection in a mouse MCAO model, we found that the mRNA levels of Malat1 and HMGB1 were significantly lower in the Malat1 shRNA group than in the control shRNA group (*P* \< 0.01, *P* \< 0.001, respectively; Fig. [1a](#Fig1){ref-type="fig"}). Furthermore, there was no statistically significant difference in expression between the control shRNA group and the Model group. Therefore, we replaced the Model group with the sh-NC group in the subsequent experiments. As shown in Fig. [1b](#Fig1){ref-type="fig"}, the IHC results showed that the knockdown of Malat1 remarkably decreased the number of cells positive for HMGB1 in ischemic brain tissue at 24 h after MCAO (*P* \< 0.05). Western blot analysis also revealed a low expression of cytoplasmic HMGB1 in the Malat1 knockdown group (*P* \< 0.01, Fig. [1c](#Fig1){ref-type="fig"}). To further verify the effects of Malat1 on inflammation, ELISA was used to detect cytokines and the results implied that knockdown of Malat1 reduced the secretion of the proinflammatory cytokines TNF-α, IL-1β, and IL-6 (*P* \< 0.01, *P* \< 0.01, *P* \< 0.01, respectively; Fig. [1d](#Fig1){ref-type="fig"}), while increasing the secretion of the antiinflammatory cytokine IL-10 (*P* \< 0.01, Fig. [1d](#Fig1){ref-type="fig"}). Consequently, the knockdown of Malat1 could attenuate inflammatory injury after brain ischemia.

Malat1 overexpression exacerbates ischemic brain inflammation in a mouse MCAO model {#Sec17}
-----------------------------------------------------------------------------------

We further sought to identify the role of Malat1 in inflammatory regulation, and Lenti-Malat1 was designed to enhance the expression of Malat1 in mice. As expected, the mRNA levels of Malat1 and HMGB1 were significantly upregulated after Lenti-Malat1 treatment (*P* \< 0.01, *P* \< 0.01, respectively; Fig. [2a](#Fig2){ref-type="fig"}). As shown in Fig. [2b](#Fig2){ref-type="fig"}, the IHC results showed that the overexpression of Malat1 remarkably increased the number of cells positive for HMGB1 in ischemic brain tissue at 24 h after MCAO (*P* \< 0.05). Western blot analysis also revealed a greater activation of cytoplasmic HMGB1 after Lenti-Malat1 treatment (*P* \< 0.05, Fig. [2c](#Fig2){ref-type="fig"}). Furthermore, ELISA results showed that Lenti-Malat1 treatment increased the secretion of the proinflammatory cytokines TNF-α, IL-1β, and IL-6 (*P* \< 0.05, *P* \< 0.05, *P* \< 0.05, respectively; Fig. [2d](#Fig2){ref-type="fig"}) and decreased the secretion of the anti-inflammatory cytokine IL-10 (*P* \< 0.05, Fig. [2d](#Fig2){ref-type="fig"}). As shown in Fig. [2e](#Fig2){ref-type="fig"}, the rate of HMGB1 degradation in response to Act D (10 mM) treatment for 24 h was lower in the Lenti-Malat1 BV-2 cells than in the Lenti-NC BV-2 cells, revealing that HMGB1 mRNA stability increases in a time-dependent manner in the Lenti-Malat1 BV-2 cells and that Malat1 plays a crucial role in HMGB1 mRNA degradation in these cells. Taken together, these results revealed that the overexpression of Malat1 could exacerbate inflammatory injury in the ischemic brain.Fig. 2Malat1 overexpression exacerbates ischemic brain inflammation in mouse MCAO model (*n* = 3). **a** Malat1 and HMGB1 were detected by the real-time polymerase chain reaction after 24 h of MCAO. **b** Enlarged images from representative immunohistochemistry photographs of HMGB1 in different treatment groups and the number of cells with positive staining for HMGB1. Scale bar, 20 μm. Magnification of the microphotograph, ×400. **c**. Representative photographs of Western blots for nHMGB1, cyHMGB1 and HMGB1, and the ratio of cyHMGB1 to nHMGB1. β-actin and histone H3 were used as loading controls. **d** Concentrations of inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-10) were measured by ELISA. **e** The effect of Malat1 overexpression on HMGB1 mRNA stability was detected by the real-time polymerase chain reaction to determine the HMGB1 mRNA levels. Data are presented as the means ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the Sham group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 versus the Lenti-NC group. nHMGB1: nuclear HMGB1; cyHMGB1: cytosolic HMGB1; nβ-actin: nuclear β-actin; cyβ-actin: cytosolic β-actin

BBR exerts antiinflammatory effects through Malat1 after MCAO {#Sec18}
-------------------------------------------------------------

To further explore whether BBR exerts antiinflammatory effects through Malat1, we used rescue experiments by enhancing Malat1 expression in the BBR administration group. As shown in Fig. [3a](#Fig3){ref-type="fig"}, Lenti-Malat1 reversed the reduction in Malat1 and HMGB1 mRNA levels by BBR. The results shown in Fig. [3b](#Fig3){ref-type="fig"} demonstrated that the inhibition of HMGB1 nuclear-to-cytosolic translocation by BBR could also be reversed by Lenti-Malat1. In addition, ELISA results implied that Lenti-Malat1 also reversed the cytokine changes induced by BBR (Fig. [3c](#Fig3){ref-type="fig"}). Therefore, these findings supported our hypothesis and suggested that the antiinflammatory effect of BBR was positively associated with Malat1 expression.Fig. 3BBR exerts anti-inflammatory effects through Malat1 after MCAO (*n* = 3). **a** Malat1 and HMGB1 were detected by the real-time polymerase chain reaction after 24 h of MCAO. **b** Representative photographs of Western blots for nHMGB1, cyHMGB1 and HMGB1 and the ratio of cyHMGB1 to nHMGB1. β-actin and histone H3 were used as loading controls. **c** Concentrations of inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-10) were measured by ELISA. Data are presented as the means ± SD. \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the Sham group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 versus the Model group, NS versus the Model group. nHMGB1: nuclear HMGB1; cyHMGB1: cytosolic HMGB1; nβ-actin: nuclear β-actin; cyβ-actin: cytosolic β-actin

Malat1 binds to miR-181c-5p and functions as a ceRNA {#Sec19}
----------------------------------------------------

In order to facilitate subsequent functional studies of the mechanisms of Malat1, we analyzed the subcellular localization of Malat1 in the brain. RNA-FISH assay results revealed that Malat1 was located in the cytoplasm (Fig. [4a](#Fig4){ref-type="fig"}). To identify the target of HMGB1, Targetscan (<http://www.targetscan.org/vert_72/>) was used to perform a target prediction search, and the results implied that miR-181c-5p was the best candidate (Fig. [4b](#Fig4){ref-type="fig"}). Then, RNAhybrid (<https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/>) was used to evaluate whether miR-181c-5p has a strong ability to bind to Malat1 (Fig. [4c](#Fig4){ref-type="fig"}). Based on these results, we concluded that Malat1 could function as a ceRNA for miR-181c-5p. Next, RT-PCR was used to investigate whether miR-181c-5p could be negatively regulated by Malat1. As shown in Fig. [4d, e](#Fig4){ref-type="fig"}, miR-181c-5p was significantly upregulated by Malat1 knockdown but was greatly inhibited by Malat1 overexpression (*P* \< 0.01, *P* \< 0.05, respectively). To further investigate the binding ability between the two, we conducted a luciferase reporter assay. The results showed that miR-181c-5p mimic remarkably downregulated the luciferase activity of the Malat1-WT vector but not the Malat1-Mut vector (*P* \< 0.001, Fig. [4f](#Fig4){ref-type="fig"}). Considering these results, we propose that miR-181c-5p can function as a molecular target of Malat1 in ischemic stroke.Fig. 4Malat1 binds to miR-181c-5p and functions as a ceRNA (*n* = 3). **a** Malat1 subcellular localization results indicated that it was expressed in the cytoplasm. **b** Predicted binding sites for miR-181c-5p in HMGB1 sequences. **c** Binding sites of Malat1 on miR-181c-5p predicted by bioinformatics software. **d-e** RT-PCR was performed on RNA collected from the ipsilateral brain after 24 h of MCAO and showed the expression of miR-181c-5p in the sh-Malat1 and Lenti-Malat1 groups, respectively. **f** Luciferase reporter assay revealed that Lenti-miR-181c-5p decreased the luciferase activity of Malat1-WT, but not of Malat1-Mut. Data are presented as the means ± SD. \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the Sham group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 versus the sh-NC or Lenti-NC group

HMGB1 is a direct downstream target of miR-181c-5p {#Sec20}
--------------------------------------------------

To determine whether HMGB1 was involved in the activation of miR-181c-5p, RT-PCR was performed to examine the expression of miR-181c-5p, Malat1 and HMGB1. As shown in Fig. [5a](#Fig5){ref-type="fig"}, miR-181c-5p expression was increased and Malat1 and HMGB1 expression was decreased in the Lenti-miR-181c-5p group compared with the control group (*P* \< 0.001, *P* \< 0.05, *P* \< 0.001, respectively), whereas, as seen in Fig. [6a](#Fig6){ref-type="fig"}, the above expression changes were reversed in the miR-181c-5p inhibitor group (*P* \< 0.05, *P* \< 0.05, *P* \< 0.01, respectively). Western blot assays also showed the same trend in which cytoplasmic HMGB1 activation was decreased in the Lenti-miR-181c-5p group and increased in the miR-181c-5p inhibitor group (*P* \< 0.01, *P* \< 0.05, respectively; Figs. [5](#Fig5){ref-type="fig"}b and [6b](#Fig6){ref-type="fig"}). Furthermore, ELISA results showed that Lenti-miR-181c-5p treatment decreased the secretion of the proinflammatory cytokines TNF-α, IL-1β, and IL-6 (*P* \< 0.01, *P* \< 0.01, *P* \< 0.01, respectively; Fig. [5c](#Fig5){ref-type="fig"}) and increased the secretion of the anti-inflammatory cytokine IL-10 (*P* \< 0.01, Fig. [5c](#Fig5){ref-type="fig"}), whereas the above expression changes were reversed in the miR-181c-5p inhibitor group (Fig. [6c](#Fig6){ref-type="fig"}). To further investigate the interaction between HMGB1 and miR-181c-5p, we conducted a luciferase reporter assay. Our data showed that the miR-181c-5p mimic distinctly inhibited the luciferase activity of the HMGB1-WT vector but not the HMGB1-Mut vector (*P* \< 0.001, Fig. [6d](#Fig6){ref-type="fig"}). Altogether, these results indicated that HMGB1 positively binds to miR-181c-5p.Fig. 5miR-181c-5p overexpression ameliorates ischemic brain inflammation in a mouse MCAO model (*n* = 3). **a** RT-PCR was performed on mRNA collected from the ipsilateral brain after 24 h of MCAO and showed the expression of miR-181c-5p, Malat1 and HMGB1 in the Lenti-miR-181c-5p group. **b** Representative photographs of Western blot for nHMGB1, cyHMGB1 and HMGB1 and the ratio of cyHMGB1 to nHMGB1. β-actin and histone H3 were used as loading controls. **c** Concentrations of inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-10) were measured by ELISA. Data are presented as the means ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the Sham group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 versus the Lenti-NC group. nHMGB1: nuclear HMGB1; cyHMGB1: cytosolic HMGB1; nβ-actin: nuclear β-actin; cyβ-actin: cytosolic β-actinFig. 6miR-181c-5p knockdown exacerbates ischemic brain inflammation in a mouse MCAO model (*n* = 3). **a** RT-PCR was performed on RNA collected from the ipsilateral brain after 24 h of MCAO and showed the expression of miR-181c-5p, Malat1 and HMGB1 in the miR-181c-5p inhibitor group. **b** Representative photographs of Western blots for nHMGB1, cyHMGB1 and HMGB1 and the ratio of cyHMGB1 to nHMGB1. β-actin and histone H3 were used as loading controls. **c** Concentrations of inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-10) were measured by ELISA. **d** Luciferase reporter assay revealed that Lenti-miR-181c-5p decreased the luciferase activity of HMGB1-WT but not of HMGB1-Mut. Data are presented as the means ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the Sham group, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 versus the NC inhibitor group. nHMGB1: nuclear HMGB1; cyHMGB1: cytosolic HMGB1; nβ-actin: nuclear β-actin; cyβ-actin: cytosolic β-actin

miR-181c-5p inhibitor rescues HMGB1 inhibition induced by Malat1 downregulation {#Sec21}
-------------------------------------------------------------------------------

Finally, to further evaluate the specific crosstalk between Malat1 and HMGB1 through competitive binding of miR-181c-5p, we carried out rescue experiments. As shown in Fig. [7a](#Fig7){ref-type="fig"}, the expression of HMGB1 decreased (*P* \< 0.01) when Malat1 was knocked down and increased (*P* \< 0.01) when miR-181c-5p was knocked down, which was in line with our previous results. However, when Malat1 and miR-181c-5p were knocked down at the same time, there was no significant difference in the expression of HMGB1 compared with the Model group. In addition, Western blot assay showed coincident results (Fig. [7b](#Fig7){ref-type="fig"}). Overall, Malat1 upregulates the expression of HMGB1 by competitively binding to miR-181c-5p, thereby exacerbating inflammation after stroke.Fig. 7miR-181c-5p inhibitor rescues HMGB1 inhibition induced by Malat1 downregulation (*n* = 3). **a** RT-PCR was performed on mRNA collected from the ipsilateral brain after 24 h of MCAO and showed the expression of miR-181c-5p and HMGB1 in the Lenti-miR-181c-5p or miR-181c-5p inhibitor groups. **b** Representative photographs of Western blots for nHMGB1, cyHMGB1 and HMGB1 and the ratio of cyHMGB1 to nHMGB1. β-actin and histone H3 were used as loading controls. Data are presented as the means ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the Sh-NC + NC inhibitor group. nHMGB1: nuclear HMGB1; cyHMGB1: cytosolic HMGB1; nβ-actin: nuclear β-actin; cyβ-actin: cytosolic β-actin

Discussion {#Sec22}
==========

In this study, the level of Malat1 was augmented in mouse brain after stroke, consistent with previous studies \[[@CR15], [@CR25]\]. More importantly, our results are the first to illustrate that BBR could exert anti-inflammatory effects via the Malat1/miR-181c-5p/HMGB1 signaling pathway after ischemic stroke (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8The Malat1/miR-181c-5p/HMGB1 axis is a novel key pathway in stroke inflammation

Ischemic stroke is a devastating disease with high mortality and long-term disability worldwide. The inflammatory response after ischemic stroke is characterized by increased permeability of the blood--brain barrier, cerebral edema, infiltration of peripheral leukocytes, and activation of microglia and astrocytes, releasing a large amount of tumor necrosis factors, interleukins, inflammatory chemokines, and potential cytotoxic factors \[[@CR26], [@CR27]\]. After stroke, a sterile inflammatory cascade is initiated, aggravating brain damage. Several studies have shown that HMGB1, a proinflammatory factor, is involved in aseptic inflammation in cerebral ischemia--reperfusion injury \[[@CR28]\]. In addition, patients with acute cerebral ischemia have a significantly high level of serum inflammatory markers TNF-α, IL-1β, IL-6, and a high concentration of HMGB1 in the serum is closely related to poor prognosis in patients \[[@CR29]\].

Recently, lncRNAs have been recognized as playing versatile roles in biological process and clinical outcomes. LncRNA SNHG1 can alleviate OGD-induced injury in BMECs via the miR-338/HIF-1α axis \[[@CR30]\]. LncRNA SETD5-AS1 can stimulate neuron death in stroke by promoting PTRN expression \[[@CR31]\]. LncRNA HOTTIP can alleviate OGD-induced neuronal injury by modulating the miR-143/hexokinase 2 pathways \[[@CR32]\]. In light of the results from multiple investigations, Malat1, first recognized to be correlated with metastasis of lung tumors, is shown to be aberrantly expressed in most human tissues and is associated with human cardiovascular diseases, cancers, and CNS dysfunctions \[[@CR33]\]. Accumulating evidence has shown that Malat1 is sensitive to inflammation induced by pathological stimuli. For example, Wang et al. reported that Malat1 promoted the HG-H/R-induced inflammatory response in the progression of DM-associated cerebral ischemic stroke \[[@CR34]\]. Dong et al. found that Malat1 knockdown ameliorated diabetic retinopathy and inhibited MCP-1 release in the retinas of STZ-induced diabetic rats \[[@CR17]\]. Zhang et al. showed that downregulation of Malat1 enhanced cell proliferation ability and reduced apoptosis in MCAO/R brains \[[@CR15]\]. However, the molecular mechanisms of Malat1 and HMGB1 in ischemic stroke remain unknown. In our study, we discovered that Malat1 and cytoplasmic HMGB1 expression were increased in stroke brain tissue, while BBR pretreatment could downregulate Malat1 and cytoplasmic HMGB1 and then attenuate the inflammatory response. In addition, we systematically identified the link between Malat1 and HMGB1 by Malat1 knockdown or overexpression techniques and indicated that Malat1 presented a positive correlation with HMGB1 and the inflammatory response, in agreement with previous studies. The results of the rescue experiment also confirmed that Malat1 is a key target for BBR-mediated inhibition of HMGB1 nucleus release in stroke inflammation.

Although the role of Malat1 in ischemic stroke inflammation has been previously researched, the specific regulatory mechanism remains unknown. Salmena et al. first proposed a ceRNA hypothesis, describing that lncRNA acts as a natural miRNA sponge and could inhibit the function of the target mRNA \[[@CR35]\]. For instance, lncRNA GAS5 promotes the progression of ischemic stroke by acting as a ceRNA for miR-137 \[[@CR36]\]. LncRNA MEG3 functions as a ceRNA and competes with programmed cell death 4 (PDCD4) mRNA for directly binding to miR-21 to mediate ischemic neuronal death \[[@CR37]\]. LncRNA SNHG1 promotes BMEC survival by acting as a ceRNA for miR-18a via HIF-1α/VEGF signaling \[[@CR38]\]. In our work, we first confirmed that Malat1 was expressed in the cytoplasm by FISH assay. HMGB1 was predicted a miR-181c-5p target by Targetscan software. Additionally, RNAhybrid modeling showed that Malat1 could bind strongly to miR-181c-5p. A study has also proven that miR-181c is a potential candidate target in neuroinflammation \[[@CR39]\]. Zhang et al. reported that miR-181c inhibited the inflammatory response in OGD microglia via the TLR4/NF-κB signaling pathway \[[@CR24]\]. Li et al. found that miR-181c from hUCMSC-derived exosomes could suppress proinflammatory factors by downregulating TLR4 signaling \[[@CR40]\]. Thus, to identify whether the levels of Malat1 and miR-181c-5p inversely correlated in ischemic stroke, knockdown and overexpression techniques were conducted in animal MCAO models. The results demonstrated that miR-181c-5p expression was negatively linked to Malat1. Then, we further investigated whether the levels of miR-181c-5p and HMGB1 were inversely correlated by transfection with Lenti-miR-181c-5p and miR-181c-5p inhibitor, and the results were completely as expected. Furthermore, the exact binding of Malat1 to miR-181c-5p and HMGB1 to miR-181c-5p were confirmed by a luciferase reporter assay. Taken together, the data validated that Malat1 regulated HMGB1 by competing for miR‐181c-5p binding in BBR-mediated ischemic stroke inflammation.

Lastly, how BBR downgrades Malat1 remains to be further explored. The mechanism could be possibly related to BBR inhibition of methyltransferase or Malat1 promoter methylation and promotion of acetylation. In addition, Malat1 plays a role in the regulation of HMGB1 in the cytoplasm. The expression of miR-181c-5p is also mainly located in the cytoplasm. However, the reason that a miR-181c-5p inhibitor can increase nuclear HMGB1 expression may be associated with the degradation of an unknown nuclear protein and needs to be explored further.

Conclusion {#Sec23}
==========

In summary, we illustrated that BBR could alleviate inflammation in ischemic stroke through the Malat1/miR-181c-5p/HMGB1 axis, which had a pivotal role in regulating inflammation. To understand this mechanism more comprehensively, future endeavors on whether pharmacological manipulation of the Malat1 gene affects stroke outcomes and neurological function will be carried out.
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